A reverse Monte Carlo method for deriving optical constants of solids from reflection electron energy-loss spectroscopy spectra J. Appl. Phys. 113, 214303 (2013) An energetic charged particle moving parallel to the surface of an overlayer system was studied. This system was composed of a thin film on the top of a semi-infinite substrate. Based on the dielectric response theory, the induced potential was formulated by solving the Poisson equation and matching the boundary conditions. The stopping force was built-up using the energy-momentum conservation relations and the extended Drude dielectric functions with spatial dispersion. Surface ͑vacuum-film͒ and interface ͑film-substrate͒ excitations were included in the formulations of the interaction between charged particles and the overlayer system. Results of the wake potential were presented for protons moving parallel to a vacuum-copper-silicon system. Dependences of the induced potential and the stopping force on film thickness, distance of the proton from surface, and proton velocity were investigated.
I. INTRODUCTION
Many experimental and theoretical studies have been performed on the various aspects of the interaction between fast charged particles and solid surfaces. Theoretical approaches [1] [2] [3] were developed for the evaluation of the induced potential caused by charged particles traveling outside a solid and parallel to its surface. This potential arose from the dielectric response of the solid and led to, mainly, surface plasmon excitations. Theoretical calculations of surface excitations were made in earlier works. 4, 5 The surface response was characterized in terms of the dielectric function of the bulk material. Several models and approximations of the dielectric function [6] [7] [8] were developed. A study of the induced potential in an overlayer system ͑film on substrate͒ is important when dealing with the production of electrons by swift ions and with the transport of convoy electrons on their emission 9, 10 and acceleration. 11, 12 In such a study, it is required to provide data on the induced potential and the stopping force for charged particles. Thus certain procedures have to be established in order to make accurate predictions of these quantities. The purpose of this work was to derive a model treatment of the induced potential for charged particles moving outside an overlayer system and parallel to its surface ͑vacuum-solid͒ and interface ͑film-substrate͒. The interaction of charged particles with the overlayer system includes not only surface excitations but also interface excitations. Models developed for the semi-infinite solids should not be applied directly to the overlayer system. Previously, a model 13, 14 of the energy loss probability was constructed for an overlayer system by several authors.
Integration over the normal component of the momentum transfer was carried out using cylindrical coordinates. This model, however, did not completely satisfy the conservation constraints in energy and momentum. In order to satisfy these constraints, we applied in this work spherical coordinates in the momentum integration. Moreover, the induced potential was derived by solving the Poisson equation using methods of image charges and extended Drude dielectric functions with spatial dispersion. 15 The image charge was external to the region of interest and used to simulate the required boundary conditions. The inclusion of dispersion was important in the region of short distances from the surface and the interface, where charged particles might couple to short-wavelength modes of the overlayer system. 1 The dielectric function used in this work was a generalization of the Drude dielectric function by allowing each subband to have its own oscillator strength, damping constant, and critical point energy. All parameters in the dielectric function were properly chosen to fit optical data and to meet sum-rule requirements. This function was successfully employed to describe the response of a semi-infinite solid and an overlayer system for penetrating electrons. 16 -21 In this work, we have calculated the induced potential and the electric field for protons moving parallel to the surface of an overlayer system composed of a thin Cu film on the top of a semi-infinite Si substrate. Since surface excitations involved electrons within a few angstroms beneath the surface, we considered here films of a few angstrom thickness in the overlayer system to illustrate its surface and interface effects. Atomic units ͑a.u.͒ are used throughout this article unless otherwise specified. Figure 1 illustrates the problem studied in this work, i.e., a particle of charge q and velocity v moving parallel to the surface of an overlayer system composed of a thin film on the top of a semi-infinite substrate. To simplify theoretical derivations, we let the origin of coordinates be the center of the film having thickness T and dielectric function 2 (k,). The vacuum and substrate, characterized by their dielectric functions 1 (k,) and 3 (k,w), are in regions of zϾT/2 and zϽϪT/2, where the z axis is perpendicular to the interface planes and directed from substrate to film. The particle, with a z coordinate equal to D, is moving in the vacuum along the y direction.
II. THEORY
For zϾT/2, the potential is due to the actual charge and a fictitious charge near the surface just outside the region of interest. For zϽT/2, the potential is a solution of the Laplace equation without singularities since there is no charge there. In the latter region, the simplest assumption is that the potential is contributed by an image charge q at the position of the actual charge and by fictitious charges near the interfaces. These fictitious charges should satisfy the required boundary conditions. Thus Poisson equations in the Fourier space are
for ϪT/2ϽzϽT/2, and
is the momentum transfer, is the energy transfer, and the Fourier transform of the charge density distribution of the moving particle is given by
The induced charges s1 (K,), s2 ϩ (K,), s2 Ϫ (K,), and s3 (K,) are required to satisfy the boundary conditions. By matching potentials and displacement vectors at the interfaces, we have
A sketch of the problem studied in this work. A particle with charge q and velocity v, in y direction, moving in vacuum ͑medium 1͒ and parallel to the surface of an overlayer system. This system is composed of a film ͑medium 2͒ of thickness T on top of a substrate ͑medium 3͒. The particle is at distance D from the midplane of the film, or at distance d from the surface of the film. 1 , 2 , and 3 are, respectively, dielectric functions of media 1, 2, and 3.
where
for aϭ1 and 3, bϭ2, and Lϭ1, 2, and 3. Substituting Eqs. ͑5͒-͑12͒ into Eqs. ͑1͒-͑3͒, we obtain the scalar potentials in the Fourier space, i.e., 1 (k,), 2 (k,), and 3 (k,). The induced scalar potentials in the spatial space are then obtained by the inverse Fourier transforms after removing the vacuum potential of the particle from the scalar potentials. The induced potential ind (1) (r,t) for zϾT/2 is of special interest since the particle is moving in vacuum. Taking 1 ϭ1, we obtain
͑13͒
Because of the weak dependence of on k z as compared to the rest of k components in the integral, one may assume (k,)ϭ(K,). The same assumption was adopted by Yubero et al. 22, 23 in the analysis of reflection-electron energy loss spectra and Kwei et al. 20 in the calculation of electron elastic backscattering spectra. Using this assumption, the induced potential in vacuum is obtained by performing the integration over momentum transfer in Eq. ͑13͒ with spherical coordinates as
where rϭ(x,y,z), dϭDϪT/2, and
͑15͒
In the above derivations, we have adopted (K,) ϭ(K,).
We now expand the ␦ function in Eq. ͑17͒ as follows:
After integrating over in Eq. ͑17͒ and applying (K,Ϫ)ϭ*(K,), this equation becomes ind (1) ͑ r,t ͒ϭ 4q
Applying the conservation relations of energy and momentum, the upper and lower limits of k are given by
where M is the mass of the moving particle. Substituting the upper limit of integration in by EϭM v 2 /2, we obtain
after changing the variable from to K according to K ϭk sin . Let 2 be the dielectric function of the substrate and Tϭ0, we obtain the induced potential in vacuum for a semi-infinite solid. As Ritchie et al. have pointed out, 24 the present classical picture is applicable in the context of the first Born approximation quantum theory with the application of the energy-momentum conservation relations. This was explicitly explored in the derivation of the interaction between a moving charge and an electron gas. 25 To compare with the corresponding expression by other authors without considering the energy-momentum conservation, no integration limits in momentum transfer are performed. Thus it is more convenient to carry out the integration in momentum of Eq. ͑13͒ using cylindrical coordinates instead of spherical coordinates. For a semi-infinite solid, i.e., Tϭ0 and 2 ϭ 3 ϭ, we find
͑19͒
Taking xϭ0 and neglecting the spatial dispersion, we obtain the same results as those of Arista. 3 Now, the stopping force is related to the derivative of ind (1) (r,t) at the position of the particle r 0 ϭ(0,vt,D). For the case of an overlayer system, we obtain
͑20͒
The model response function used in this work is the extended Drude dielectric function. 15 This function may be expressed as
where A j , ␥ j , and j are, respectively, the oscillator strength, damping constant, and critical-point energy, all associated with the jth subband. The inclusion of a background dielectric constant, b , is to account for the influence of polarized ion cores. 26 All these parameters are determined by a fit of the imaginary part of the dielectric function, Im͓(0,)͔, to experimental optical data. To assure the accuracy of the fitting parameters, we require that the fitted dielectric function satisfy the sum rules.
FIG. 2.
A plot of the real and imaginary parts of the surface response function, in optical limit, vs energy transfer for a vacuum-Cu system. The solid curve is results calculated using the extended Drude dielectric functions with parameters listed in Table I . The dotted curve is deduced from measured optical data ͑Ref. 27͒. 
III. RESULTS AND DISCUSSION
We consider an overlayer system composed of a thin Cu film on a Si substrate. Parameters used in our calculations for the dielectric functions of Cu and Si are listed in Table I . Figure 2 shows the real and imaginary parts of the surface response function for a vacuum-Cu surface, i.e., ͓ 2 (0,) Ϫ1͔/͓ 2 (0,)ϩ1͔ , versus energy transfer . Figure 3 shows a similar plot of the interface response function for a Cu-Si interface, i.e., ͓ 3 (0,)Ϫ 2 (0,)͔/͓ 3 (0,) ϩ 2 (0,)͔ . Here 2 (0,) and 3 (0,) are dielectric functions of Cu and Si in the long-wavelength limit, i.e., k→0. In both figures, the solid curves are results calculated using the extended Drude dielectric functions. The dotted curves are corresponding results deduced from measured optical data. 27 It is seen that the present results and optical data are in good agreement, despite some deviation in magnitude at the peaks in Fig. 3 . Our fitting strategy is that we require both the real and imaginary parts of the dielectric function to satisfy sum rules and to exhibit and match energy loss peaks for plasmon excitations and interband transitions. We also require that fitting results agree with optical data at a broad range of energy transfers. With this strategy, we are confident with the validity of fitting results regarding the energy losses in plasmon excitations and interband transitions. However, due to the limited optical data it is difficult to adjust fitting parameters to match fitting results to measured data at all energy transfers. The difference induced by this difficulty is magnified at peaks in the interface response function. However, such a difference makes little influence on the calculation of the induced potential and the stopping force studied in this work.
Based on Eqs. ͑15͒ and ͑18͒ we have calculated the induced potential for a proton moving parallel to the surface of a vacuum-Cu-Si overlayer system. This potential at the position of the proton is plotted in Fig. 4 as a function of proton velocity for several proton distances, dϭ0.5, 1, and 2 a.u., from the Cu film of thickness Tϭ2 a.u. Note that the magnitude of this potential decreases with increasing velocity and saturates at very large velocities. In all cases, there are dips around vр1 a.u. As the distance of the proton from the Cu film becomes smaller the dip is deeper, a similar behavior observed for a slow proton moving parallel to the surface of a semi-infinite solid with plasmon-pole dielectric functions. 2 These dips occur at the threshold velocity for the creation of surface plasmons. For velocities smaller than the threshold velocity, only single electron-hole excitations occur. Our calculations of the induced potential at the position of a proton for a fixed distance from the Cu film of different thicknesses indicate that the dependence of this potential on film thickness is quite small. Figure 5 illustrates the induced potential at points along the projection of the trajectory of a proton on the surface (zϭT/2) and at a distance yϪvt from the proton. Here we plot results for Cu films of thickness Tϭ0, 2, and ϱ a.u. Note that y is the coordinate of the point along the projection of the proton on the surface. The proton is moving with velocity vϭ5 a.u. at a fixed distance, dϭ1 a.u., from the Cu surface. The instantaneous proton position is yϭvt and z ϭ1ϩT/2. The induced potential reveals an oscillational behavior at points behind (yϽvt) the position of the proton. The influence of damping in the plasma modes on the induced potential is weak in the vacuum side. The gradual change in amplitude of this oscillation for different Cu films indicates a contribution from interface effects. Such a potential approaches that of a semi-infinite Si system (Tϭ0) as Cu film thickness decreases. On the other hand, it approaches to that of a semi-infinite Cu system (Tϭϱ) as Cu film thickness increases. Figure 6 shows the induced potential, ind (1) , and the electric field components, E y and E z , at points along the particle trajectory (zϭdϩT/2) in front of (yϾvt) and behind (yϽvt) the proton. Here the proton is moving with velocity vϭ5 a.u. and at a distance dϭ1 a.u. from the Cu film of thickness Tϭ2 a.u. It is seen that the induced potential has a shape of the wake potential. E z and E y oscillate, respectively, in phase and out of phase with the induced potential.
The dependence of the stopping force on proton velocity is illustrated in Fig. 7 . Here we show the stopping force ͑solid curves͒ for a proton moving at a distance dϭ2 a.u.
from the Cu films of thickness Tϭ0, 1.5, and 4 a.u. The results of Arista ͑dotted curve͒ for a semi-infinite Cu system are included for comparison. Our results show a gradual change in the stopping force for varying thickness of Cu films. For Tϭ4 a.u., the stopping force tends to approach that of a semi-infinite Cu system. In such a case, the lower values in the stopping force at small velocities found in this work are due to the constraints of energy-momentum conservation law. Notice that the maxima in Fig. 7 appear at a velocity around 1.5 a.u. and the stopping force drops to zero in the static limit. The existence of a maximum in the stopping force was also found by other theoretical models for a semi-infinite system. 3 The present work also reveals that the stopping force increases as proton distance decreases, a consequence due to the increased magnitude in the induced potential.
IV. CONCLUSIONS
A dielectric response theory was used to describe the inelastic interactions between a charged particle and an overlayer system in the case of a parallel trajectory. In this theory, the response of the overlayer system was composed of surface and interface excitations and characterized in terms of dielectric functions of the film and the substrate. An extended Drude dielectric function was employed by the inclusion of the spatial dispersion effect. This function was built-up from measured optical data. The quantum effect of the moving particle was incorporated into the dielectric theory by considering the recoil effect. This effect was included by applying the conservation laws of energy and momentum. In this work, we have applied the continuum dielectric model to the overlayer system composed of a thin film and a substrate. The application of the model in the case of a thin film alone might be questionable. The validity of the model for an overlayer system was based on the continuum properties of the system and the inclusion of surface and interface charges and modifications.
Applying the method of image charges, analytical formulas have been derived for the calculation of the stopping force and the induced potential for charged particles moving parallel to the surface of an overlayer system. These formulas could be applied to any particles and overlayer systems. The approach could also be applied, in general, to any parallel trajectories inside and outside the solids. However, in the case of velocities smaller than the threshold of generating surface plasmons, only single particle-hole excitations contribute to the energy loss. 2, 28 In such a case, it may be necessary to use the local-field-correction random-phaseapproximation 29 instead of the Drude model to calculate dielectric functions.
An energetic charged particle moving parallel to the surface of an overlayer system was studied. Calculated results of the induced potential and the stopping force were presented for protons moving parallel to a vacuum-coppersilicon system. Corresponding experiments are, however, difficult due to the actual size and the bending of a beam. In such experiments, the beam size must be confined to a few angstroms. Otherwise, the surface and interface effects will FIG. 6 . The induced potential and electric field components at points along the trajectory of proton and at a distance yϪvt from the proton for a vacuum-Cu-Si overlayer system. The proton is moving with velocity v ϭ5 a.u. parallel to and at distance dϭ1 a.u. from the surface of the Cu film of thickness Tϭ2 a.u.
FIG. 7.
Velocity dependence of the stopping force for a proton moving parallel to and at a distance dϭ2 a.u. from the surface of Cu films of different thicknesses in the vacuum-Cu-Si overlayer system. The solid curves are the results of present calculations. The dotted curve is the data of Arista ͑Ref. 3͒ for a semi-infinite Cu system. be averaging out and diminish. Because the induced potential or the stopping force decreases as particle velocity increases, as can be seen in Figs. 4 and 7, a fast particle is better than a slow particle for experimental measurements.
